The underlying pathophysiology of BPD-associated PH is complex and poorly understood. Echocardiogram may underestimate the severity of pulmonary hypertensive vascular disease in severe BPD. Digital subtraction pulmonary angiography (DSPA) is a potentially useful imaging modality for evaluating changes in the pulmonary vasculature of BPD-associated PH. In this study, we objectively quantified the pulmonary hypertensive vascular changes demonstrated by DSPA using a novel pulmonary vascular underperfusion score (PVUS) and correlated the scoring system with echocardiography parameters and cardiac hemodynamics by right heart catheterization.
Introduction
Premature births cause developmental arrest of lungs and impair pulmonary vascular angiogenesis, which decrease the cross-sectional area of pulmonary blood flow and in turn results in bronchopulmonary dysplasia (BPD)-associated pulmonary hypertension (PH). The American Heart Association published guidelines for the management of PH in infants and children [1] . However, specific issues like role of cardiac catheterizations and echocardiography in preterm infants are not addressed in detail. The predictive capacity of echocardiography in the diagnosis of early pulmonary vascular disease in preterm infants is only 33% [2] . Early pulmonary vascular disease is associated with development of BPD and with late PH in preterm infants. We aimed to characterize the morphological changes in pulmonary vasculature by digital subtraction pulmonary angiography (DSPA) in 10 premature infants (≤28 weeks) who have severe BPD and compare the pulmonary vascular underperfusion score (PVUS) with cardiac hemodynamics, and echocardiographic parameters of PH.
Methods
This was a retrospective, single-center study and included 10 consecutive patients with severe BPD, who were referred to our PH service between January 2016 and December 2018 for further evaluation and management. For the purpose of the study, BPD was defined as high oxygen (≥30% fraction of inspired oxygen (FiO2)) and respiratory support requirements at 36 weeks of corrected gestational age per published guidelines [3, 4] . Institutional review board approval (IRB Project No. MHS.2018.116) was obtained on 9 January 2019 to retrospectively review the medical records to obtain demographic profile including gestational age, birth weight, perinatal and post-natal clinical data including duration of oxygen use, duration of ventilator support, echocardiographic and radiographic images. All patients underwent a right heart catheterization (RHC) and informed consent were obtained from parents prior to RHC as per our institutional protocol. Our institutional protocol for evaluation of PH in children routinely included DSPA as a part of RHC instead of standard pulmonary angiography.
The potential advantages of the DSPA technique as previously described include a lower dose of radiographic contrast compared to conventional pulmonary angiography [5] . A Berman catheter was introduced into both branch pulmonary arteries (PAs) and with simultaneous breath-holding, fluoroscopy with dynamic masking was initiated. The first image (the mask) obtained was without contrast, and successive images were obtained after injecting 1 mL/kg of contrast (1:2 diluted). Subsequent images were acquired at 15 frames/s. We compared the total radiation exposure of these 10 patients to 10 heart transplant patients of similar body surface area who also had conventional pulmonary angiography during routine RHC.
The DSPA images for each patient were analyzed for pulmonary vascular underperfusion score (PVUS) by manually counting the areas of perfusion defects: score (0) = pulmonary capillaries seen up to the periphery in uniform manner (Normal); (1) = pulmonary capillary perfusion defect <3 mm from the outer margin of lung parenchyma or patchy defects along the lung periphery, (2) = 3 to <5 mm short from the lung outer margin, (3) = 5-7 mm short from the lung outer margin (winter-tree appearance); and score of 1 for each perfusion defect along the distribution of major inter-lobar branch pulmonary arteries. All scores from both lungs in each subject were then added and a total score was assigned as PVUS for individual patient. Each patient's PVUS score estimated by 2 observers separately and when there was discrepancy, the observation by senior author (KCC) was the final value used for this study. At the time of RHC, all patients had acute vasoreactivity testing (AVT) with inhaled nitric oxide (iNO) 20 ppm and 100% oxygen. A patient was diagnosed as responder to AVT if the subject experienced a 20% decrease in mean PA pressure and unchanged or improved cardiac index [6] .
Echocardiographic images were available in each patient within first 7 days of life and were reviewed. The diagnosis of PH was made by echocardiography based on the following criteria: (1) a tricuspid regurgitation (TR) velocity ≥ 3 m/s in the absence of pulmonary stenosis and/or (2) a flat or left deviated interventricular septal configuration with right ventricular (RV) hypertrophy as previously described [7] . Right ventricular function parameters were also evaluated according to the guidelines of the American Society of Echocardiography [8] . The echocardiogram findings at the time of cardiac catheterization were used to compare the cardiac hemodynamic data for analysis.
Results
The demographics and clinical data of 10 preterm infants (≤28 weeks gestational age) with severe BPD were summarized in Table 1 . All infants had worsening respiratory status and increasing oxygen requirements despite sildenafil therapy having started prior to referral to our service. Seven patients were managed by mechanical ventilation, two were on continuous positive airway pressure (CPAP) and two were on high flow nasal cannula oxygen. All patients' FiO2 requirement was ≥30%. The median duration of intubation was 45 days. Two of the patients required tracheostomy and chronic ventilation. Initial echocardiogram showed PH based on the tricuspid regurgitation jet ≥3 m/s in six patients only, but there was evidence of ventricular septal flattening in all 10 patients. There were ductus arteriosus (DA) in five and foramen ovale (FO) in six and atrial septal defect (ASD) in two patients. Two of the small DAs closed spontaneously, three patients received ibuprofen therapy and two patients required DA to be closed by interventional procedure. Retinopathy of prematurity, n (%) 4 (40) SGA, small for gestational age, HELLP, hemolysis, elevated liver 4 enzymes and low platelet count, GBS, group B streptococci, APGAR, appearance, pulse, grimace, activity, respiration, PDA, patent ductus arteriosus, PFO, patent foramen ovale, ASD, atrial septal defect.
The hemodynamic parameters were summarized in Table 2 . All patients had elevated (>2 WU·m 2 ) pulmonary vascular resistance (PVR) but only six patients were reactive to AVT with inhaled nitric oxide (iNO) and 100% oxygen using Barst criteria [6] . There was no significant difference in their mean right atrial (RA) pressure, mean PA pressure, mean indexed PVR (PVRi), PVRi to indexed systemic vascular resistance (SVRi) ratio, and cardiac index between AVT responders and non-responders. We evaluated the DSPA images and analyzed the PVUS for each patient by counting the areas of perfusion defects (Figures 1-3 ). We utilized DSPA for a normal subject without PH to demonstrate the major inter-lobar arteries and to show that there were no perfusion defects ( Figure 4 ). No complications related to RHC and DSPA were observed in our cohort. There was a significantly higher total PVUS (≥4) among four AVT non-responders compared to six AVT responders (≤4) (p = 0.0048). Figure 5 describes the mean, the maximum and minimum values and quartiles of PVUS between AVT responders (N = 6) and non-responders (N = 4) (p = 0.005). The intraclass correlation coefficient (ICC) for interobserver variability in estimating PVUS was 0.87, mean difference was 0.67 with 95% confidence interval (CI), −1.3 to +1.3 ( Figure 6 ). Total radiation exposure in 10 BPD cases was 93.6 ± 30 mGy compared to 82.6 ± 31 mGy (p = 0.38) for pediatric heart transplant patients with similar BSA undergoing right heart catheterization and conventional PA angiography as a part of their routine cardiac catheterization (control group). Total fluoroscopy time in patients was 12.5 ± 4.4 min compared to 11.5 ± 2.5 min in the control group (p = 0.52). However, the radiation dose and fluoroscopy time were for the total RHC procedure and not for pulmonary angiography alone in both groups.
The summary of echocardiographic parameters of PH and response to AVT were described in Table 2 . There were no significant differences in echocardiogram parameters between two groups, and AVT responders and non-responders were not differentiated. Based on PVUS and cardiac hemodynamic findings, bosentan therapy was added to sildenafil for four of our patients who were AVT non-responders. Subsequently, all four patients had improvement in their oxygen requirement and echocardiographic parameters of PH. Total radiation exposure in 10 BPD cases was 93.6 ± 30 mGy compared to 82.6 ± 31 mGy (p = 0.38) for pediatric heart transplant patients with similar BSA undergoing right heart catheterization and conventional PA angiography as a part of their routine cardiac catheterization (control group). Total fluoroscopy time in patients was 12.5 ± 4.4 min compared to 11.5 ± 2.5 min in the control group (p = 0.52). However, the radiation dose and fluoroscopy time were for the total RHC procedure and not for pulmonary angiography alone in both groups.
The summary of echocardiographic parameters of PH and response to AVT were described in Table 2 . There were no significant differences in echocardiogram parameters between two groups, and AVT responders and non-responders were not differentiated. Based on PVUS and cardiac hemodynamic findings, bosentan therapy was added to sildenafil for four of our patients who were AVT non-responders. Subsequently, all four patients had improvement in their oxygen requirement and echocardiographic parameters of PH.
Discussion
In our study, we have shown that PVUS ≥ 4 by DSPA has improved the accuracy of recognition of AVT responders vs. non-responders. Based on higher PVUS scores in four patients, bosentan was added in addition to sildenafil for PH therapy. Subsequently, the combined bosentan and sildenafil therapy resulted in decreased oxygen requirement and improved clinical outcomes. Sildenafil which is often used as a first line therapy may not be effective if there is significant ventilation/perfusion mismatch secondary to pulmonary perfusion defects [9] . Combination therapy (sildenafil and bosentan) may be effective in patients not responding to single vasodilator [10] .
Impaired angiogenesis during alveolar development leading to decreased vascular surface area, pulmonary arterial remodeling, and increased PVR are the proposed pathophysiological mechanisms involved in BPD-associated PH [11] . Consequently, a better understanding on how alveoli and the underlying capillary network develop and how these mechanisms are disrupted in BPD is critical to develop efficient and effective therapies to prevent lung injury or regenerate established lung injury in premature infants. Recent meta-analyses found that the presence of PH in BPD patients strongly associated with a high mortality rate (40%) during first two years of life [12] . No trials have yet been conducted to formally assess the effect of PH-specific therapies on children with BPD. However, effective use of current available therapies is essential to maximize the benefit. Recent guidelines have been published to help standardize provider approach, diagnosis, monitoring, and management of 
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Impaired angiogenesis during alveolar development leading to decreased vascular surface area, pulmonary arterial remodeling, and increased PVR are the proposed pathophysiological mechanisms involved in BPD-associated PH [11] . Consequently, a better understanding on how alveoli and the underlying capillary network develop and how these mechanisms are disrupted in BPD is critical to develop efficient and effective therapies to prevent lung injury or regenerate established lung injury in premature infants. Recent meta-analyses found that the presence of PH in BPD patients strongly associated with a high mortality rate (40%) during first two years of life [12] . No trials have yet been conducted to formally assess the effect of PH-specific therapies on children with BPD. However, effective use of current available therapies is essential to maximize the benefit. Recent guidelines have been published to help standardize provider approach, diagnosis, monitoring, and management of PH in children with BPD [13, 14] . We speculate that, the lack of improvement in PH in some infants with BPD may be due to advanced pulmonary hypertensive vascular disease due to delay either in diagnosis or initiation of combination therapy. Referral to PH experts for early RHC and in selected patients DSPA may aid in management and prognostication. Multicenter and prospective studies are required to evaluate the role of DSPA as imaging modalities and the role of PVUS in long-term management of PH in this challenging group.
Limitations: The DSPA technique may entail slightly higher fluoroscopy time and total radiation exposure compared to standard pulmonary angiogram. It is not possible to have a direct comparison of DSPA technique versus conventional PA angiography in normal control population. In this study we compared total radiation exposure for RHC including conventional PA angiogram versus RHC including DSPA, the total radiation dose and fluoroscopy time were not statistically significant. The other disadvantage of the DSPA technique was the need for controlled breath holding during the acquisition of images.
Conclusions
Digital subtraction angiography is useful to demonstrate the morphological changes of pulmonary vasculature in what is traditionally thought of as an airspace disease and to open new therapeutic avenues to treat PH in BPD patients. The novel use of PVUS in a very small cohort of selective premature infants with severe BPD helped us to diagnose advanced pulmonary vascular changes and initiate combination therapy (bosentan and sildenafil) with subsequent clinical improvement, but our findings may not be generalized to all BPD patients. We speculate that some BPD infants who do not respond to sildenafil may have developed advanced changes in pulmonary vasculature. Large multicenter studies are required to confirm our findings that PVUS can be used to risk stratify patients with BPD-associated PH. Funding: This research received no external funding.
